The ste12 ＋ gene of Schizosaccharomyces pombe codes for a phosphatidylinositol (PI) 3-phosphate 5?-kinase, which is required for e‹cient mating. Suppressor mutants for sterility of ste12D cells were screened for. Most of the mutant genes turned out to be recessive. Six genes were cloned and the open reading frames responsible for the suppressor activity were identiˆed. They included genes coding for proteins with domains homologous to calcium transporters, casein kinase II, UBC13, AMSH, Vps23p, and Vps27p of Saccharomyces cerevisiae. Disruption of these genes resulted in suppression of the defects of the ste12D cells, including low mating e‹ciency and formation of large vacuoles. Since many of these gene products are homologous to the proteins involved in vesicle transport, sterility caused by inactivation of ste12 may be due to a disordered vesicle transport system. Key words: Schizosaccharomyces pombe; conjugation; phosphatidylinositol 3-phosphate 5-kinase; vacuolar protein sorting; suppressor mutation
Schizosaccharomyces pombe cells usually proliferate in a haplontic state. Upon nitrogen starvation, they undergo sexual diŠerentiation to start conjugation when both h ＋ and h -(two mating types) cells are present. The genes required for this conjugation step have been identiˆed as ste (sterile) genes. ste12 ＋ is one of such genes, which codes for phosphatidylinositol 3-phosphate (PI 3-P) 5-kinase. 1, 2) Fab1p in S. cerevisiae, an equivalent of Ste12p, has been shown to play a role in formation of multivesicular bodies (MVBs) or in regulation of eOEux from vacuoles. [3] [4] [5] [6] Both S. cerevisiae fab1D and S. pombe ste12D cells have large vacuoles probably due to ine‹cient eOEux from vacuoles or to failure of sorting membranes into the vacuolar lumen by formation of MVBs. Both of them are sensitive to osmotic shock and high temperature.
2,7) Therefore, it is likely that the role of Ste12p in S. pombe cells is very similar to that of Fab1p.
Conjugation is regulated by at least two conditions in S. pombe, nitrogen source and mating pheromones. Cells arrest at G1 phase upon nitrogen starvation for conjugation. One of the outstanding phenotypes of ste12D cells is ine‹cient conjugation. Previous studies revealed that G1 arrest in ste12D cells is normal although they were partially defective in the expression of genes responsible for mating and meiosis, suggesting that the defect of ste12D is not an inability of the cells to detect the lack of nitrogen source in the medium.
2) It is likely that the role of Ste12p is on some point other than cell cycle regulation, probably on the signaling of conjugation. For this, mating pheromones must be secreted and their receptors must be delivered onto the plasma membrane. After stimulation, the receptors are down-regulated by internalization. These steps require a proper vesicle transport system. The ste12 ＋ mutant was defective both in the production of, and in the response to, mating pheromones. The amount of the pheromone receptor protein Map3p was markedly decreased in ste12D cells.
2) The sterility of ste12D cells can be explained both by sensitivity to stresses under nitrogen starvation and by signaling for mating events.
In this paper, we searched for the suppressor mutants of conjugation defectiveness of ste12D cells to explore the mechanism of the sterility.
Materials and Methods
Strains and media. The yeast strains used in this study are listed in Table 1 . They are derivatives of those originally described by Leupold. (complete media), MM＋N and SD (synthetic media) were used for growing S. pombe strains. 9,10) SSA was used for induction of mating and sporulation.
YPD

9)
FM4-64 staining. Cells were harvested at 1OD 600 and then labeled with the vital vacuolar dye FM4-64 [N-(3-triethylammoniumpropyl)-4-(p-diethylaminophenyl) pyridinium dibromide] as previously described.
11) The cells were observed under a confocal laser-scanning microscope.
Mutation of the yeast cells with N-methyl-N?nitro-N-nitrosoguanidine. Logarithmically growing cells of the S. pombe strain SUH7 were collected and mutagenized with N-methyl-N?nitro-N-nitrosoguanidine as described previously.
12) The resulting cells were grown on SSA plates for 4 days at 309 C. The cells were stained with iodine vapor to detect the colonies which formed spores.
Transformation of yeast cells. This was done by the lithium method as before.
13) An S. pombe genomic library was a kind gift from M. Yamamoto, University of Tokyo.
14)
Recovery of plasmids from yeast cells. Cells grown on YPD plates were lysed in a buŠer containing 1.2 M sorbitol, 50 mM Tris-HCl (pH 7.5), 100 mM EDTA (pH 8.0), 23 mM 2-mercaptoethanol, 5 mg W ml Zymolyase (company), and 5 mg W ml Lysingenzymes (Sigma) at 309 C for 1 hr. After addition of SDS (Final concentration 1z), the solution was extracted with phenol:CHCl3 (1:1) two times, DNA was precipitated by addition of equal volume of isopropanol. The plasmids were recovered by introducing the DNA into E. coli by electroporation.
Fusion of the yeast cells. This was done as described by Sipiczki and Ferenczy.
15)
Results
Selection of suppressor mutants for ste12D An S. pombe homotalic ste12D strain, SUH7, was mutagenized as described in Materials and Methods. They were grown on SSA plates to allow conjugation and sporulation. Selection of the sporulation-positive cells was done by staining with iodine vapor, using the fact that ste12D colonies do not stain with iodine vapor. About 5z of the colonies were stained with iodine, which was far more e‹cient than expected. They were observed under the microscope to conˆrm the e‹cient conjugation (Fig. 1A) . Vacuoles of most of the suppressor clones were smaller than the ste12D cells (Fig. 1B) . 66 clones were selected and further studied ( Table 2) . They were fused with ste12D cells (SUH8) to produce diploid cells containing the mutant and wild type alleles of the suppressor genes as well as a pair of disrupted ste12 genes. Most of them contained large vacuoles, suggesting that the mutant alleles were recessive to the wild type allele.
Isolation of sst1 as a suppressor gene of ste12D
To clone the recessive alleles, some of the clones were transformed with the S. pombe genomic library and grown on SSA plates. The colonies which do not stain with iodine vapor were selected. They were observed under the microscope to conˆrm that the vacuoles were as large as the ste12D cells without suppressor genes. The plasmids were recovered from the yeast cells and the genes coded by the plasmids were identiˆed by the DNA sequencing. One of them carried an open reading frame (ORF) homologous to calcium transporter genes (SPAC521.04c), which was named sst1 (suppressor of ste12) ( Fig. 2A) . Gene disruption using the cloned gene was done to conˆrm that sst1 was indeed responsible for the suppressor activity (Figs. 2B) . The clones with the disrupted gene (DCT1) were fused with the ste12D clone (SUH8) and the diploid clone was obtained. The haploid clone with ste12 and sst1 genes was produced from this clone (DSCT1). The results indicated that disruption of these genes suppresses the defects of ste12D cells (Fig. 2C) . These clones harbored vacuoles as small as the ones found in the YSS103 strain (data not shown, see Fig. 1 ). Other mutants were then transformed with the plasmid carrying the sst1 gene. The suppressor activity of 21 clones was suppressed by introduction of the plasmid, suggesting that their mutations were on the sst1 gene ( Table 2) . Alignment of putative amino-acid sequences of S. pombe sst genes and homologous genes from other species are shown. Black boxes show the identical amino acids and the shaded ones homologous amino acids. A, sst2 and human AMSH genes. B, sst4 and S. cerevisiae VPS27 genes. C, sst6 and S. cerevisiae VPS23 genes.
Isolation of additional suppressor genes
Some of the mutants which were not assigned as sst1 mutants were transformed with the genomic library. YSS204, YSS212, and YSS244 were suppressed by the fragment carrying an ORF homologous to the human AMSH gene (sst2) (SPAC19B12.10), casein kinas 1 genes (sst3) (SPBP35G2.05c), and the S. cerevisiae VPS27 (sst4) (SPAC19A8.05C), respectively ( Table 2 and Fig. 3) . 16, 17) The sst3 gene has been previously identied as the cki2 gene, which contributes to the regulation of cell morphology. 18) Gene disruption was done for these genes, using the plasmids shown in Fig. 4  (DAM1, DCK1, DV27 ). The clones with disrupted ste12 and the sst genes were obtained. The results indicated that disruption of these genes suppresses the defects of ste12D cells. Introduction of these genes to the other clones showed that 5 clones were the sst4 mutants and 1 was the sst2 mutant (Table 2) .
We have done additional transformation with unassigned clones andˆnally found and identiˆed two additional genes. They were homologous to UBC13, a ubiquitin ligase, (sst5) (SPAC11E3.04c) and S. cerevisiae VPS23 (sst6) (SPAC11H11.01) (Fig. 3) . Recently, sst5 gene was isolated by a twohybrid library screen using the spm2 ＋ gene, a homologue of budding yeast MSS2, which plays a key role in the DNA postreplicational repair pathway as a bait, and named as spu13 ＋ . 19) Vps23 is a member of Class E VPS genes.
17)
Discussion
We and others have shown that loss of Ste12p activity results in formation of extremely large vacuoles and impaired mating but normal sporulation. 1, 2, 20) In this paper, we identiˆed 6 suppressor genes for the ste12D defects. These suppressor mutations did not aŠect the sporulation e‹ciency signiˆcantly except for sst4, disruption of which resulted in appearance of some wrinkled spores. Up to about 30z of the spores with this phenotype appeared to be non-viable. Sst4 was homologous to VPS27 in S. cerevisiae, and a part of sst6 was homologous to VPS23. VPS27 and VPS23 are classied in class E vps genes in S. cerevisiae. VPS genes have been identiˆed as the genes required for the proper sorting of carboxypeptidase Y, which should be targeted to vacuoles. 17, 21) Most of them turned out to be components of vesicle transport systems between golgi and vacuoles. Class E vps mutants were shown to be defective in vesicle transport between golgi and vacuole, probably at the endosome, accumulating prevacuole-like structures. 22) In addition to this, AMSH, which was shown to form a complex with Hrs, a mammalian homologue of VPS27p, was found to be a suppressor of ste12D. 16, 23) Together with the notion that Ste12p is required for eOEux from the vacuoles back to prevacuoles or golgi as is the case with S. cerevisiae, it is conceivable that inactivation of class E type vps genes, which are required for ‰ux from Golgi to vacuoles, suppresses the defect of ste12D cells. We therefore tested whether or not inactivation of other class E vps mutants can suppress the defects of ste12D cells. We cloned some genes with homology to the class E VPS genes in S. cerevisiae and disrupted them. Our preliminary results suggest that disruption of most of them can restore the mating e‹ciency of the ste12D cells (manuscript in preparation). Although conˆr-mation of them as vps genes is yet to be done, this observation encourages the idea that there may be a relationship between ste12 ＋ and class E vps genes in S. pombe.
Theseˆndings suggest that the mechanism of sterility of ste12D cells may be at least partly due to ine‹cient vesicle transport to vacuoles. It has been suggested that secretion of mating pheromones is impaired in ste12D cells. Blockage of vesicle transport to vacuoles may leak out the proteins to the secretion pathway to help scretion of mating pheromones. It is also possible that proper vesicle transport is required for the signal transduction for mating. Further studies may be required to substantiate this idea.
The reason for suppressor activity for other genes is not clear. Casein kinase-1 (CK-1) is a serine W threonine protein kinase commonly found in eukaryotes. 24) High levels of CK1 (YCK1, YCK2, and YCK3) in budding yeast can suppress the gsc1 mutation. 25) Gcs1p is a GAP for ADP-rebosylation factor that is essential for vesicle transport, especially for endocytosis, suggesting the role of CK-1 in endocytosis. CK-1 has been shown to phosphorylate the cellsurface receptors to facilitate ubiquitination and degradation after endocytosis. 26) Theseˆndings imply an involvement of Class E Vps proteins and CK-1 in the same vesicular transports pathway, endocytosis to vacuole via the endosome. Ubiquitin ligase is also required for vesicle transport in many cases. As mentioned above, degradation of cell-surface proteins requires its ubiquitination in many cases. 27) In addition, ESCRT complexes required for formation of MVBs includes ubiquitin-binding protein in S. cerevisiae. [28] [29] [30] Therefore, the ubiquitin conjugating enzyme (E2) coded by sst3 W spu13 could play some role in vesicle transport system. These ideas imply a relationship between sterility and the vesicle transport system.
Twenty two out of 66 suppressor mutants harbored the mutation in the sst1 gene. It is possible that this gene is also involved in vesicle transport in some way, because it is known that calcium is an important molecule for vesicle fusion in the synapse secretory system. 31) It has been shown that ste12D cells are supersensitive to Ca 2＋ . 2) Loss of the calcium transporter might relieve elevation of Ca 2＋ levels in cells. An alternative hypothesis can be considered in the pheromone-induced signaling pathway. In S. cerevisiae, a mating pheromone, a-factor, binds to a G-protein-coupled receptor and subsequently increases the cytosolic Ca 2＋ concentration, which is necessary for early events of the mating procedure. 32, 33) Loss of function of calcium pump might contribute to maintain the cellular Ca 2＋ level, result-ing in recovery of sterility of ste12D cells, probably without original signaling from mating pheromone and its receptor. Although smaller than those of the ste12D cells, sst1 cells had relatively large vacuoles compared with other suppressor mutants. This observation implies that the mechanism of suppression of sterility of ste12D cells by loss of the sst1 gene activity might be diŠerent from that of other suppressor mutations, which may be explained by the limited in‰ux to vacuoles. Since the incidence of appearance of sst1 as a suppressor gene is very high there must be some reason that sst1 is closely related to the ste12 pathway. It will be interesting to study the relationship between mating procedure and PI 3,5-P2 in detail.
